INTRODUCTION
The application of the momentum principle to the hydraulic jump is commonly called the Bélanger equation in modern fluid mechanics texts. It is named after Jean-Baptiste Bélanger (1790 Bélanger ( -1874 (Figure 1 ) who first derived the correct relationship between the flow properties upstream and downstream of a hydraulic jump in a horizontal rectangular prismatic channel (Bélanger, 1841) 
where d is the flow depth, the subscripts 1 and 2 refer to the upstream and downstream flow conditions respectively, Fr ¼ V = ffiffiffiffiffiffiffi g d p is the Froude number, V is the flow velocity and g is the gravity acceleration. Historical contributions on the hydraulic jump flows included the physical experiments of Bidone (1819) performed in France in 1818, the theoretical analyses of Bélanger (1828 Bélanger ( , 1841 , the experiments of Darcy and Bazin (1865) , the solutions of Boussinesq (1877) and the work of Bakhmeteff (1932) . Recent reviews encompassed (Chanson, 2009a) and Hager (1992) .
Despite this contribution, Bélanger's considerable influence on his contemporaries is too often lost. In this paper, the contribution of Bélanger to civil and mechanical engineering is reconsidered. His career included two distinct periods: the professional engineer (1816-1838) and the university academic (Figure 2 ).
BÉ LANGER: THE ENGINEER (1816-1838)
Bélanger began his engineering career in 1816 at La Réole. From 1821, he moved to work on the Somme navigation canal and after 1826 on the Ardennes navigation canal. During these two missions he designed navigation canals, their water supplies and water resource management (Chanson, 2009b) .
Later Bélanger worked with Antoine-Rémi Polonceau (1778 Polonceau ( -1847 in the Seine-et-Oise region. His contribution included the first design of the Paris-Rouen-Le Havre railway, opened in 1837 between Paris-Saint-Lazare and La Garenne-Colombes, extended to Rouen in 1843 and completed in 1847 to Le Havre. The study integrated also the design of the Paris-Dieppe railway (Polonceau and Bélanger (1837) ). This project was regarded by some contemporaries as one of the greatest accomplishment of Bélanger (Quérard, 1842 (Chanson, 2009b) . The basic assumptions were: (a) steady flow, (b) one-dimensional flow motion, (c) gradual variation of the wetted surface with distance x along the channel, (d ) friction losses that are the same as for uniform equilibrium flow (i.e. normal flow) for the same depth and discharge and (e) hydrostatic pressure distribution. Within the above assumptions, Bélanger (1828) derived the backwater equation from momentum considerations as
where Ł is the angle between the bed and the horizontal, x is the longitudinal distance positive downstream, d is the flow depth measured normal to the invert, A is the cross-section area, P w is the wetted perimeter and Q is the discharge. In Equation 2, Bélanger estimated the friction losses using the Prony formula
where H is the total head, D H is the hydraulic diameter: 
Equation 4 is identical with modern expressions of the backwater equation (Chanson, 2004; Henderson, 1966; Montes, 1998 ). Equation 2 was tested for a long prismatic channel ( Figure 3 ). Figure 3 shows some measurements performed by Darcy and Bazin (1865) in a prismatic, rectangular channel down a steep slope with a downstream control gate. An undular hydraulic jump was observed at x ¼ 125 m. In Figure  3 , the free-surface measurements are compared with Equation 2 in which the flow resistance was calculated using Equation 3, and with Equation 4 in which the friction slope was calculated in terms of the Darcy-Weisbach friction factor. The location of the hydraulic jump was derived from the application of the momentum principle neglecting the effects of bed slope (Equation 1). The results in Figure 3 show little differences between Equation 2, Equation 4 and the experimental data, despite the crude nature of the Prony formula. Bélanger's calculations (Bélanger, 1828) give identical results to modern estimates. Note that Bélanger performed his calculations manually, justifying the usage of Prony's simplified formula at the time (Brown, 2002) . Let us remember that the modern slide rule was introduced in 1859, 31 years later, by the French artillery officer Amédée Mannheim (1831-1906).
Bélanger integrated the backwater equation by selecting known flow depths and calculating manually the distance in between. This numerical technique is called the step method distance calculated from depth (Chanson, 2004; Henderson, 1966) (Table 2) .
From 1851, as a full professor at Ecole Polytechnique, Bélanger developed a new university curriculum in mechanics (cours de Mécanique) in response to a restructure of the engineering programme at Ecole Polytechnique (Chatzis, 1995) . Linking kinematics and dynamics, he argued that the mechanics is based upon three principles: inertia, action-reaction and constant ratio force to acceleration at any point. Among the innovations, he considered statics as a limited case of dynamics (Table 3 ). The textbook has had a profound influence in leading hydraulic engineering scholars including Boussinesq (1877), Forchheimer (1914) , Bakhmeteff (1932) , Jaeger (1956) and Montes (1998) .
Despite an incorrect treatment of the hydraulic jump in his 1828 memoir, Bélanger corrected his theory in 1838 (Bélanger, 1841) . He solved the momentum equation for a hydraulic jump in a flat channel. For a rectangular channel and neglecting the friction force, he obtained
where AE9 is a velocity correction coefficient. Equation 5 is equivalent to Equation 1 for AE9 ¼ 1. This reasoning became commonly accepted thereafter (Bélanger, 1849; Bresse, 1860) . For a hydraulic jump in a horizontal, rectangular, prismatic channel, Bélanger (1849) calculated the loss in kinetic energy head as
that may be rewritten in terms of the head loss in the hydraulic jump˜H
Equation 7 is a well-known result for a hydraulic jump in a horizontal rectangular channel (Chanson, 2004; Henderson, 1966) .
In the same treatise, Bélanger (1841 Bélanger ( , 1849 discharge is the sum of the flow rates in the main channel and in the floodplain, and that the friction slope is identical for both channel sections, but with different friction coefficients (e.g. Bélanger, 1849, pp. 69-70) . Bélanger (1841 Bélanger ( , 1849 showed that, in a rectangular channel, the discharge per unit width is maximum at critical flow conditions for a given specific energy E. This result is sometimes called Bélanger's principle (Jaeger, 1956 ). Bélanger derived the expression of the critical depth d c
Note that Bélanger used the notion of specific energy more than 70 years before Bakhmeteff (1912 Bakhmeteff ( , 1932 who is often credited for the introduction of this concept (Henderson, 1966) .
In the same section, Bélanger analysed the flow over a broadcrested weir (Figure 6 ). His treatment yielded further the classical expression of the flow rate Q
for a rectangular channel of width B, where H is the total head above the crest invert. All these results are common knowledge today (Chanson, 2004; Henderson, 1966) , but were new and important developments in the early 1840s. It is worth noting that Bélanger (1841, 1849) used both momentum and energy considerations in a somewhat inconsistent manner. Such inconsistencies were discussed by Yen (2002) and Chanson (1999 Chanson ( , 2004 in a broader context.
DISCUSSION
Between 1816 and 1864, the work of Bélanger demonstrated the dynamism of practising engineers in France. His own contributions were remarkable and influenced many leading hydraulic engineers including H. Darcy, E. Mach, J. Boussinesq, P. Forchheimer, B. Bakhmeteff, and most likely R. Manning, R. Freeman, L. Prandtl, and R. von Mises. Figure 7 shows the lifespan of Bélanger and that of other leading hydraulicians and fluid dynamicists during the nineteenth and early twentieth centuries.
Henry Darcy (1805 Darcy ( -1858 had a high respect for Bélanger's hydraulic engineering notes. For example, he cited the work of Bélanger (1828) in his own publications (Darcy and Bazin, 1865) . He also praised Bélanger for his support and inputs into his research on flow resistance in pipes and channels (Darcy, 1858) . Bélanger, and Poncelet, attended in person several experiments conducted by H. Darcy. In Germany, Franz Reuleuax (1829 -1905 respected highly Bélanger's (Bélanger, 1847) text: for example, it is cited several times in his hydromachinery textbook (Reuleaux, 1877) . In Austria, Ernst Mach (1838-1916) listed Bélanger's treatise (Bélanger, 1847) among a few basic references in Mechanics, together with the works of Coriolis and Poncelet (Mach, 1883) . In France, Joseph Boussinesq (1842 Boussinesq ( -1929 included ample references of Bélanger's works in his papers (e.g. Boussinesq, 1877).
More specifically in hydraulic engineering, Bélanger's works have been commonly cited in classical textbooks during the nineteenth, twentieth and twenty-first centuries, including Bakhmeteff (1932) , Bresse (1860 ), Forchheimer (1914 and Montes (1998) and Chanson (1999 Chanson ( , 2004 . Darcy (1805 Darcy ( -1858 . This might be a consequence of Darcy's provincial career in Dijon, his short career lifespan ( Figure 7 ) and a lack of teaching involvement. It might also illustrate that some of Darcy's findings were not widely used until the twentieth century (e.g. Darcy friction factor). The omission of the names of Antoine Chézy (1717-1798) and Joseph Valentin Boussinesq (1842 Boussinesq ( -1929 is noticeable but more understandable. Chézy was less famous and Boussinesq was still a relatively young researcher in the 1880s. Bélanger (1790 Bélanger ( -1874 ) is a forgotten champion of hydraulic engineering and fluid mechanics, but his name engraved on the Eiffel Tower is a reminder of his praiseworthy contributions (Figure 8 The unusual feature of Bélanger's contribution was his successful involvement in both professional engineering (1816-1838) and academic teaching (1838-1864), and his abilities to develop new fundamental textbook materials. As an academic, he was highly respected by his former students and peers in France and overseas. Another aspect was the longevity of his career.
CONCLUSION
Considering his contribution to hydraulics and fluid mechanics, the backwater equation should be renamed the 'Bélanger equation' (Chanson, 2009b) , the maximum discharge equation for a given specific energy should be called the 'Bélanger principle' (Jaeger, 1956 ) and the application of the momentum principle to the hydraulic jump should be renamed the 'Bélanger method'.
